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Abstract 
The alteration of hydrological regimes through the construction of dams and minor diversion weirs has 
significant detrimental ecological effects on the downstream river reaches. In the case whereby 
approximately 99% of the Mean Annual Flow (MANF) has been diverted, the flow regulation has often 
resulted in a constriction in the river channel and a reduction in complexity of the aquatic and riparian 
vegetation and encroachment of terrestrial plant species. 
The Snowy River Increased Flows (SRIF) environmental flow program aims to return 21% of the MANF to 
the Snowy River below Jindabyne. This revised flow regime attempts to re-introduce the hydrological cues 
such as seasonal flow patterns, annual floods and greater daily flow variability. In the case of the Snowy 
River, a higher magnitude annual flood was introduced to flush sediment and vegetation within the river 
channel and the more variable daily flow rate aims create a more natural and complex riparian and 
aquatic vegetated habitat. 
This study examined the changes in aquatic and riparian vegetation at two sites in the Dalgety Uplands 
macro-reach of the Snowy River using four band colour infra-red high-resolution aerial photography in 
2007, 2010 and 2013. A supervised maximum likelihood classification to determine vegetation classes 
and post-classification change detection was used to quantify the vegetation changes. The results 
indicated than an increase in flow magnitude was able to create a more open water and aquatic habitats. 
Furthermore an increase in the frequency of inundation across the lower benches increased the 
abundance of flood tolerant amphibious species and removed water susceptible species. These changes 
are reflective of the importance of the moisture gradient in riparian zones and the zonation of riparian 
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The alteration of hydrological regimes through the construction of dams and minor 
diversion weirs has significant detrimental ecological effects on the downstream 
river reaches.  In the case whereby approximately 99% of the Mean Annual Flow 
(MANF) has been diverted, the flow regulation has often resulted in a constriction in 
the river channel and a reduction in complexity of the aquatic and riparian vegetation 
and encroachment of terrestrial plant species.   
The Snowy River Increased Flows (SRIF) environmental flow program aims to 
return 21% of the MANF to the Snowy River below Jindabyne.  This revised flow 
regime attempts to re-introduce the hydrological cues such as seasonal flow patterns, 
annual floods and greater daily flow variability. In the case of the Snowy River, a 
higher magnitude annual flood was introduced to flush sediment and vegetation 
within the river channel and the more variable daily flow rate aims create a more 
natural and complex riparian and aquatic vegetated habitat.   
This study examined the changes in aquatic and riparian vegetation at two sites in the 
Dalgety Uplands macro-reach of the Snowy River using four band colour infra-red 
high-resolution aerial photography in 2007, 2010 and 2013. A supervised maximum 
likelihood classification to determine vegetation classes and post-classification 
change detection was used to quantify the vegetation changes.  The results indicated 
than an increase in flow magnitude was able to create a more open water and aquatic 
habitats.  Furthermore an increase in the frequency of inundation across the lower 
benches increased the abundance of flood tolerant amphibious species and removed 
water susceptible species.  These changes are reflective of the importance of the 
moisture gradient in riparian zones and the zonation of riparian plant species is 
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1.1 Study context 
Flow regulation as a result of the construction of dams for hydroelectric or water 
storage purposes is one of the most significant causes of degradation of fluvial 
systems.  The alteration of the natural hydrological processes disrupts the movement 
of water, sediment and propagules that maintains the downstream condition of free-
flowing rivers (Poff et al. 1997).  The disruption to longitudinal  and lateral flow 
caused by the construction of dams  and water diversions is known to severely alter 
species richness and composition of riparian vegetation (Leyer 2005).  The flow 
alteration reduces the total water available, the daily variability, and the timing, 
magnitude, duration and frequency of flow events within a river system.  These high 
flows are ecologically important to river systems because they have the capacity to 
determine physical habitat by scouring, transporting and depositing sediment and 
woody debris as well as connecting channel and floodplain habitats (Poff et al. 
1997).  This alteration of physical habitat determines the position of land forms and 
creates a number of physical gradients such as exposure to inundation and scour 
which characterise riparian vegetation (Merritt et al. 2010).  In many instances, the 
life history and survival strategies of native riparian  and aquatic species is 
intrinsically linked with a naturally variable flow regime and regulating flow 
facilitates the invasion of exotic and terrestrial flora (Bunn and Arthington 2002). 
The delivery of environmental water is an active management strategy to improve 
the in-stream, riparian and floodplain ecology of rivers  as flow is recognised as a 
primary driver of ecological processes and thus regarded as primary restoration 
technique (Miller et al. 2013).  The infrastructural developments that have altered 
flow regimes and river processes also offer opportunities for restoration of riverine 
ecosystems through environmental flow management  (Merritt et al. 2010).  
 
In the case of the Snowy River in South Eastern Australia, the construction of four 
large water diversion structures in the catchment between 1955 and 1967 has 
significantly altered the ecological condition of the aquatic and riparian habitat and 





discharge in the Snowy River to 1% of its mean annual flow has severely limited the 
hydrological cues that are important to maintain river condition.    For example, the 
lack of a hydrological disturbance regime resulted in the changes to the former river 
channel that included infilling of sediment, ingress of terrestrial vegetation and an 
increase in both terrestrial and aquatic plant cover in the former river channel.   
In 2002 the three governments (New South Wales, Victoria and the Commonwealth) 
agreed to release up to 212GLy
-1
 to the Snowy River as part of the Snowy Water 
Initiative (Williams 2014).  The initiative recognised the importance of 
environmental water to rehabilitate the ecological integrity of the Snowy River by 
increased water allocations or environmental flows.  This new environmental flow 
regime (Williams 2014, in prep; Williams and Rienfelds 2013) attempts to re-instate 
the hydrological characteristics of a Snowy Montane river, by providing a flow 
regime developed on the analogue unregulated Thredbo River.  The new flow regime 
includes up to 212GLy
-1
, a five winter-spring high flow events, a clear seasonal 
signal, and greater daily flow variability.  Among the various environmental water 
objectives, the revised flow regime attempts to improve the instream habitat by (i) 
scouring the river channel and bed of sediment and vegetation and (ii) inundating the 
riparian zone on a more frequent basis and for longer duration to promote aquatic 
vegetation responses.  
The predominant environmental factor governing the distribution of vegetation 
within the riparian zone are gradients of water availability and fluvial disturbance 
(Merritt et al. 2010; van Eck et al. 2006).  The variation in the tolerance from aquatic 
to terrestrial  species is reflected by their position from the river channel to the 
floodplain, i.e. typically elevation gradients (van Eck et al. 2006).  An understanding 
of the relationship between riparian vegetation and discharge is essential to 
developing effective environmental flow regimes.  However, predicting riparian or 
wetland vegetation responses to flow regimes can be difficult due to the extensive 
spatial and temporal variability in species composition and abundance (Campbell et 
al. 2014).  To facilitate generalisation across systems, aquatic ecologists have 
developed functional groups of species that possess biological and ecological traits 





as water availability (Casanova and Brock 1997; Merritt et al. 2010).  This functional 
group concept provides a framework for identifying the shared responses of riparian 
species to environmental variation and synthesises complex data sets by generalising 
key trends and traits (Campbell et al. 2014; Merritt et al. 2010).  Casanova and Brock 
(1997)  developed water plant functional groups defined by species responses to 
inundation and exposure which have subsequently been used and expanded in later 
studies (Campbell et al. 2014; Casanova 2011; Casanova and Brock 2000; Reid and 
Quinn 2004). However, the focus of functional groups in response to water 
requirements has largely been restricted to lowland inland rivers, floodplains and 
wetlands. One of the objectives of this study is to develop functional groups in 
response to stream flow for a montane snowmelt river, in South East Australia.  
The  use of remote sensing to map wetland and riverine environments has been well 
established and has reduced the reliance on resource intensive ground surveys (Anker 
et al. 2013).  While limitations do exist, the high spatial resolution and historical 
availability of aerial photographs have facilitated mapping changes in riparian 
vegetation cover (Silva et al. 2008; Valta-Hulkkonen et al. 2003; Vericat et al. 2009).  
Wetland or riverine mapping using remote sensing has largely focused on larger 
expanses of the landscape and little work has been done by mapping detailed spatial 
changes in terms of functional groups and their response to the flow regime (Harvey 
and Hill 2001) in montane river systems.   
1.2 Project objectives and hypothesis 
Knowledge of the relationship between riparian and aquatic vegetation and discharge 
is a critical component in optimising decisions on environmental water allocations 
for river rehabilitation.  To provide an improved understanding of the link between 
the river discharge in the Snowy River and the vegetative responses to changes in 
flow, the following primary study objectives were established: 
1. To quantify the spatial changes in riparian vegetation since the 
implementation of a higher and more variable flow regime.  
2. To link the changes in vegetation with the new hydrological regime.  
3. To determine functional groups of plants in response to flow regime 





In order to address these objectives the study maps the vegetation at two sites in the 
Dalgety Uplands macro-reach, Snowy River, with multi-temporal images captured 
by four band colour infra-red high resolution aerial photography.  These images were 
captured by the NSW Office of Water following different stages of the new flow 
regime representing distinct changes in hydrology. A change detection analysis was 
performed to quantify the changes in vegetation and cross examined with the 
hydrological data to determine the response of vegetation to flow patterns.  The 
measured changes in vegetation and accompanying field survey data supported by 
the wider literature will be used to establish functional groups in response to the flow 
regime for the Snowy River.  
It is hypothesised that the new flow regime with annual floods will cause the 
following adjustments in the riparian zone of the Snowy River in the Dalgety 
Uplands macro-reach: 
1. An increase in open water and backwater habitats from channel scour and 
increased base flows 
2. An increase in the emergent amphibious vegetation from an increase in the 
frequency of floodplain inundation. 
3. Removal of terrestrial and flood intolerant vegetation from lower elevation 
meso-habitats of the river channel.  
  
1.3 Thesis plan 
Chapter 2 will provide a literature review on the relationship between flow regime 
and vegetation as well as the use of remote sensing to map riparian and aquatic 
vegetation.  Chapter 3 will provide an overview of the study sites and the long term 
hydrological changes of the Snowy River.  Chapters 4 and 5 describe the spatial 
analysis methods used and the subsequent results, respectively. Chapter 6 will 
present a discussion examining the changes in the vegetation, define the link between 
the hydrological changes and the plant functional groups and provide the limitations 
of the study and provides recommendations for future management. Ancillary data 






2 LITERATURE REVIEW  
The literature review is divided into two sections with respect to the key components 
of the study. The first section examines the relationship between flow regime and 
riparian and aquatic vegetation. The second section focuses on common remote 
sensing techniques to map riverine and wetland type environments.  
2.1 Flow regime and riparian vegetation 
Many aquatic ecologists regard the flow regime to be the key component in shaping 
floodplain wetland and riverine ecosystems (Bunn and Arthington 2002). Although 
flow regimes may vary in response to climate and catchment controls from local 
geography they essentially establish a template that regulates the ecological integrity 
of the river and limits distribution and abundance of its inhabitants (Poff et al. 1997) 
(Poff and Zimmerman 2010). River discharge magnitude, frequency of occurrence, 
duration and timing are critical components of river health and there is strong 
evidence within the literature for significant ecological adjustments in response to 
modification of the flow regime (Lloyd et al. 2004; Poff et al. 1997). Riparian 
vegetation is affected many factors but the gradients of water availability and fluvial 
disturbance are the most influential dynamic  determining the organisation of riparian 
plant communities (Merritt et al. 2010).  
 Flow as a determinant of physical habitat 2.1.1
The distribution, abundance and diversity of stream organisms can largely be 
attributed to the interaction between flow and physical habitat (Bunn and Arthington 
2002). The flow regime and its interaction with the local geology provides a 
mechanism that has the capacity to define the shape and size of river channels, create 
pool and riffle habitat dynamics and determine the stability and size of the substrate 
(Bunn and Arthington 2002). These features are formed as sediment, woody debris 
and other transportable materials are moved and deposited by flow (Poff et al. 1997). 
The variation in river discharge  provides a wide range of habitat conditions 
associated with channels and floodplains that is dependent on the local flow regime 
and the availability of transportable materials (Poff et al. 1997). High flows in 





formation and destruction of landforms. The position of these landforms creates 
important physical gradients for flow components such as frequency and duration 
that influence the lateral distribution of riparian vegetation. (Merritt et al. 2010).  
 Riparian vegetation fluvial disturbance and inundation 2.1.2
The two key mechanisms by which flows affects aquatic and riparian vegetation is 
through high flow disturbance and  inundation at differing flow rates creating spatial 
variability in water availability (James and Barnes no date ). Large riparian 
disturbances in the form of floods with significant magnitude and duration have the 
potential to uproot, damage, drown or bury existing vegetation (James and Barnes no 
date ). Conversely this disturbance may also provide opportunities for vegetation 
recruitment by distributing propagules and forming suitable germination sites by 
deposition of substrate and removing pre-existing competing vegetation (James and 
Barnes no date ). 
The spatial variability in water availability is a crucial component determining the 
structure of vegetation communities within the floodplain.  The tolerance to water 
excess and deficit is reflected by the upper and lower ranges of each species niche 
(Blanch et al. 1999; Lenssen and De Kroon 2005).  Many aquatic and amphibious 
species of plants have narrow ranges of tolerance and this is represented by their 
distribution, particularly their elevation, within the riparian zone. 
The tolerance of riparian species to fluvial disturbance and inundation is determined 
largely by the combination traits, such as morphological or phenological traits, that 
are present within species or communities (James and Barnes no date ). These traits 
may be a direct result of the selective pressures of particular natural flow regimes 
which allow species to survive in these environments (Merritt et al. 2010). In aquatic 
plants, these adaptations to flow regime generally involve phenological adaptations 
such as serotiny or synchronised seed released based on flood timing or 
morphological adaptations such as altered leaf shape, aerenchyma or stem flexibility 
to cope with increased flood duration and magnitude (Lytle and Poff 2004). 
However, many of these adaptations have a cost-benefit ratio to flood adaptation, 





disadvantage helping invasive or terrestrial species under reduced flow regimes 
(Lytle and Poff 2004). 
In reference to wetlands and streams some authors have found evidence in support of 
the intermediate disturbance hypothesis while others have found it to be inconclusive 
(Bornette et al. 2008; James and Barnes no date ). Tiegs et al. (2005) found no 
relationship between selected disturbance variables and riparian species richness. 
However, Bornette et al. (1998) collected data in support of the intermediate 
disturbance hypothesis by testing the relationship between the hydrological 
connectivity, propagule inputs and species richness in rivers and riparian wetlands. It 
was found that intermediate floods bring in propagules as well as scour sediment to 
assist with germination and establishment while excess flooding impeded recruitment 
and low connectivity lowered species richness from competitive exclusion (Bornette 
et al. 1998).  Similar results were obtained by (Barrett et al. 2010) where biodiversity 
reached its maximum during intermediate levels of connectivity with infrequent 
flooding leading to habitat fragmentation and excessive connectivity resulting in 
reduced habitat heterogeneity. Regular extreme floods have the capacity to reduce 
diversity and abundance of macrophytes and stream vegetation (Renofalt et al. 2006; 
Riis and Biggs 2003). However, a reduction in flow rate and in particular removal of 
high flushing flows facilities the invasion of terrestrial and exotic species within the 
river channel and riparian zone (Lloyd et al. 2004; Miller et al. 2013). Casanova & 
Brock (2000) highlighted the importance of not only the magnitude of floods but also 
the duration and frequency of flooding. These flow regime factors were found to 
have a key influence in determining riparian and wetland plant communities with the 
duration of individual flood events being the most important factor. Within the 
riparian zone plant interactions also play a key role in riparian vegetation 
composition, Lenssen et al. (1999) demonstrated that plant interactions are the 
dominant force at higher elevations while in more flood prone areas abundance is 
determined predominately by tolerance to inundation.  
 
Riparian and wetland environments are complex environments are influenced by 





flow is beyond the scope of this report. However, it is noted that the flow regime 
appears to be the most important factor in governing the abundance and distribution 
of aquatic and riparian plants. As a result, the focus of many river rehabilitation 
programs has been to restore the natural flow regime to many regulated rivers in the 
form of environmental water allocations, as seen in the case of the Snowy River.  
 Functional groups and flow regime  2.1.3
There is a significant history in the study of ecology of developing functional 
groupings or guilds as a method for the prediction of species and responses of 
vegetation to disturbance (Franks et al. 2009).  There are a broad range of definitions 
for “guilds”, “functional types” and “functional groups” but what they essentially 
have in common is that they are groups of species defined by their similar ecology as 
opposed to their taxonomy (Wilson 1999). 
These ecological groupings provide a framework to identify species that share 
responses to variations in the environment and are used widely to understand the 
relationship between disturbance and community response (Casanova and Brock 
1997; Merritt et al. 2010).  The traits exhibited by members of the ecological 
groupings are a product of natural selection due to similar selective pressures with 
the result being trait convergence (Merritt et al. 2010). In this scenario the selective 
pressures are the components of the flow regime and the convergences of traits 
occurs across biogeographic and phylogenic boundaries creating groups that are most 
adequately indicative of flow requirements (Merritt et al. 2010). 
Casanova & Brock (1997) developed a systematic method for identifying “water 
plant functional groups” for the comparison of wetland sites with suites of species 
and levels of biodiversity (Casanova 2011). This method has since been applied to 
compare the responses of these functional groups to varying components of the flow 
regime (Brock & Casanova 2000) and has also been extended to incorporate a wider 
range of riverine species and predict flow requirements (Casanova 2011). The 
allocation of plant species to functional groups is based on germination behaviour, 
ecological information and overall morphology (Casanova 2011). These functional 





These water plant functional groups have been subsequently used by numerous 
authors and have been stated to result in the most consistent community level 
differences between various categories of inundation (Campbell et al. 2014).This 
inventory and allocation of functional groups dependant on water inundation 
tolerances provided a key conceptual framework to assess the vegetation changes in 
response to flow in this study. 
 







2.2 Remote sensing of riparian vegetation 
Remote sensing has been proven to be a key component in land cover classification 
and vegetation mapping to detect changes in ecosystems and assist in environmental 
management. The process of land cover or vegetation classification is utilising 
spectral features that are inherent to the remotely sensed data, such as aerial 
photographs or satellite images, to create information classes representative of the 
present land cover or vegetation (Jensen 1996).  
Remote sensing applications have been used widely to map terrestrial, amphibious 
and aquatic vegetation. Traditionally the common methodologies employed for 
mapping of amphibious vegetation, such as macrophytes employed labour intensive 
ground level surveys or stream stretch surveys (Anker et al. 2013). The data derived 
from  land survey can provide detailed information on plant communities but the 
capacity to apply these methods over large sections of riverine environments or 
wetlands can be impractical, which are largely difficult to access and assess 
comprehensively (Anker et al. 2013).    
 Spectral and spatial resolution in vegetation mapping 2.2.1
Aerial photography was the first remote sensing method to be employed for 
surveying and mapping vegetation and remain one of the most commonly used 
platforms, particularly for aquatic and amphibious vegetation (Silva et al. 2008; 
Valta-Hulkkonen et al. 2003). Aerial photographs maintain the advantage of being 
lower cost than other formats and are essentially a representation of the reflectance  
and structural characteristics (relative brightness) of features recorded onto 
photographic film (Morgan et al. 2010). 
Aerial photography  tends to have a poor spectral resolution from a limited number 
of spectral bands, but this platform is often preferable to satellite images for 
applications in narrow lineal features such as  rivers due to its high spatial resolution 
and historical availability of aerial photographs (Silva et al. 2008; Valta-Hulkkonen 
et al. 2003; Vericat et al. 2009). This high spatial resolution, often less than one 
metre, as well as textural features, allows airborne platforms to be more suitable for 





and narrow ecological gradients (Anker et al. 2013; Harvey and Hill 2001). A wide 
range of studies have indicated that the inherent trade-off between spectral and 
spatial resolution in current satellite remote sensing platforms restricts the utility of 
satellite imagery for mapping streams and rivers favouring the use of aerial 
photographs  (Everitt et al. 2004; Harvey and Hill 2001). While the high spatial 
resolution of aerial photography is useful for identifying features, the low spectral 
resolution makes mapping or separating vegetation at the species level difficult.    
 
High spatial resolution imagery has significant advantages in providing a detailed 
view of the land surface, allowing more accurate delineation of class boundaries and 
the ability to identify smaller features  (Nicholls 2012). However, this level of spatial 
resolution also produces new challenges which may hinder classification 
performance. The increase in spectral heterogeneity can often contain higher 
shadowing in the image (Nichols 2012). Sugurman et al. (2003)  found that with 
higher spatial resolution tree crowns were clearer but the number of shadow pixels 
increased. The high intra-class spectral variability associated with very high spatial 
resolution reduces separability between classes leading to a high number of mis-
classified pixels (Nicholls 2012).  
 
 Environmental considerations 2.2.2
Mapping of river edge environments requires an understanding of the spectral 
characteristics of the natural gradient from terrestrial, emergent or partly submerged 
species to the reflectance of water on measurements. (Adam et al. 2009) states that 
herbaceous wetland vegetation exhibits high spectral and spatial variability due to the 
steep environmental gradients which produce short ecotones and sharp demarcation 
between the vegetation units making it difficult to identify boundaries between 
vegetation community types. The wide range of reflectance values in riparian zones 
can often result in overlapping spectral signatures of emergent aquatic vegetation 
terrestrial vegetation, water and occasionally soil (Adam et al. 2009; Harvey and Hill 





procedures and hinder visual interpretation (Silva et al. 2008). Further to this, (Adam 
et al. 2009) points out that the reflectance spectra of wetland vegetation canopies are 
often very similar and are combined with the reflectance spectra of the underlying 
soil, hydrologic regime and atmospheric vapour. Figure 2.1 highlights that although 
open water may have a distinct spectral signature to vegetation there is significant 
overlap between the spectral signatures of wetland vegetation classes. Most emergent 
and floating leaved plant types, at least above moderate density values, have similar 
reflectance curves to terrestrial vegetation (Valta-Hulkkonen et al. 2003).  
 
Figure 2.1: Examples of the variability in the spectral signatures of wetland 
classes (A) and land cover classes (B) plotted for the near infra-red and red 
bands. Source:(Ozesmi and Bauer 2002) 
 
The presence of flooding introduces variability in reflectance values of emergent 
species due to the mixing of plant and water signals (Silva et al. 2008). This 
combination usually complicates the optical classification and results in a decrease in 
the spectral reflectance, especially in the near to mid infrared regions where water 
absorption is stronger (Adam et al. 2009). Therefore, the current efforts which have 
been successful at mapping terrestrial vegetation using optical remote sensing, may 
not be able to, either spatially or spectrally, effectively distinguish the flooded 





attenuated by the occurrences of underlying water and wet soil (Adam et al. 2009). 
Other factors known to effect the reflectance measurements include the density of 
vegetation with dense emergent vegetation have higher reflectance in the near 
infrared, with sparse vegetation similar to floating leaved plants (Valta-Hulkkonen et 
al. 2003). Considering the difficulties in mapping wetland vegetation a number of 
authors have used remote sensing to identify life forms or functional groups as 
opposed to identifying species (Marshall and Lee 1994), (Valta-Hulkkonen et al. 
2003). 
 Spectral Classification methods 2.2.3
Image classification, in a broad sense, is defined as the process of extracting 
differentiated classes or themes from remotely sensed data (Xie et al. 2008). The 
overall objective of the image classification procedure is to automatically categorize 
all pixels in an image into land cover classes or themes (Shalaby and Ryyutaro 
2007). Multispectral classification may be performed using a variety of algorithms 
but most commonly involve supervised or unsupervised approaches (Jensen 1996).  
 
Unsupervised classification is a process where numerical operations are performed 
that search for natural groupings of the spectral properties of pixels and the analyst 
then attempts to assign there spectral classes to information classes of interest 
(Jensen 1996). Supervised classification is more commonly used to map vegetation, 
however using colour infra-red aerial photography Everitt et al. (2004) managed to 
form single species classes in combination with mixed herbaceous classes using an 
unsupervised ISODATA method with an accuracy of 85%. While the supervised 
classification method is used more widely within the literature in terms of vegetation 
mapping Sugurman et al. (2003) discourages the use of supervised classification with 
high spatial resolution imagery because the high spectral heterogeneity would 
increase the number of errors (Nicholls 2012). The accuracy of a supervised 
classification is dependent on the quality of the training data and finding 
homogenous sites can be difficult with high spatial resolution imagery (Jensen 1996, 





digital aerial photography to create a large number of initial clusters and aggregate 
the classes to form only a few classes (Germaine and Hung 2011; Lang 2007; 
Sawaya et al. 2003). However, it was noted by Lang (2007) that this method of 
labelling and aggregating the spectral clusters by the analyst can be very subjective 
by choosing which spectral clusters belong to an information class. Marshall and Lee 
(1994) experimented with unsupervised and supervised classification methods when 
mapping lake macrophytes  and found similar results could be obtained. However, 
they noted that the selecting of representative training sites and performing 
subsequent signature evaluation made the supervised method a time consuming 
process while the unsupervised method could be carried out rapidly using a 
sequential clustering method.  
 
Supervised classification is performed when the identity and location of some of the 
vegetation are known before the classification process through field work, maps or 
personal experience (Jensen 1996). The target sites are homogenous examples of 
known vegetation types that are commonly referred to as training sites (Jensen 1996). 
The spectral characteristics of these known sites are used to “train” each pixel within 
the image, allocating it to the class within which it is most likely to be a member 
(Jensen 1996). The success of supervised classifications from digital imagery 
depends on the degree to which their spectral signatures can be discriminated  (Jones 
et al. 2004).  
There are a variety of supervised classification methods that can be employed but  
the most commonly used is the maximum likelihood classification (Ozesmi and 
Bauer 2002). The maximum likelihood classifier quantitatively evaluates both the 
variance and covariance of the category spectral response patterns when classifying 
an unknown pixel making it highly accurate (Shalaby and Ryyutaro 2007) and the 
most commonly used supervised classification technique for mapping aquatic 
vegetation (Ozesmi and Bauer 2002). 
Thomson (2010) discovered that unsupervised classification was an acceptable 





spectral variation between the classes. However, to achieve high classification 
accuracy when mapping riparian corridors a supervised maximum likelihood 
classification was required because of the variety of vegetated surfaces this 
environment contained (Thomson 2010). Thomson (2010) argues that the substantial 
within class variation derived from high resolution aerial imagery demands fine 
subdivision from clustering and is better suited to the greater degree of control a 
supervised classification offers. A wide range of studies have concluded that 
supervised classification with a maximum likelihood classifier is suitable for 
mapping wetland and riparian environments (Jones et al. 2004; Kadmon and Harari-
Kremer 1999; Valta-Hulkkonen et al. 2003).  
 
 Digital change detection  2.2.4
Digital change detection is the process of describing changes in land cover and land 
use properties based on co-registered multi-temporal remote sensing (Shalaby and 
Ryyutaro 2007). The basic premise of using remote sensing data for change detection 
is that the process can identify change between two or more dates that is 
uncharacteristic of normal variation (Shalaby and Ryyutaro 2007). 
Post-classification change detection is one of the most common methods of  
determining change over time and involves the comparison of independently 
produced classified images (Jones et al. 2004; Shalaby and Ryyutaro 2007). The 
principle advantage of post-classification change detection lies in the fact that the 
two images are separately classified, thereby minimising the need for precise 
radiometric calibration between the two dates (Coppin et al. 2004; Klemas 2011; 
Shalaby and Ryyutaro 2007). However, the success of post-classification change 
detection will depend on the reliability of the maps made by the image classification 
with every error present in the individual date classification will also be present in 
the final change detection map (Coppin et al. 2004; Klemas 2011; Shalaby and 
Ryyutaro 2007). 
Another commonly used change detection technique is image differencing which 





consequence of a change in land cover class (Klemas 2011). Threshold values are 
determined to and pixel difference values exceeding these values are considered 
change and the need to classify areas without significant change is eliminated 
(Klemas 2011). However, radiometric similarity or a normalisation procedure 
between the images is required and this method is more sensitive to radiometric 
variations and as a result may make post-classification more appropriate when 
dealing with multi-temporal imagery (Klemas 2011; Mas 1999). The detection of 
image differences can be confused with problems in phenology and may be limited 
by image availability and quality (Shalaby and Ryyutaro 2007). Furthermore, the 
information provided in a post classification change detection analysis on initial and 
final class provides a “from-to” analysis of change which is far more informative 
than the simple detection of a change trajectory (Shalaby and Ryyutaro 2007).  
 Object-oriented approach  2.2.5
The emergence of very high spatial resolution imagery has prompted a shift away 
from per pixel classification of imagery to the object-oriented approach (Hay et al. 
2005; Jensen 1996). The object-oriented approach uses both spectral and spatial 
information to create image objects that consist of individual areas of shape and 
spectral homogeneity (Jensen 1996). The image objects are clusters of adjacent 
pixels with corresponding digital numbers that are similar representing objects within 
the image reflective of real-world entities (Hay et al. 2005). With increasing spatial 
resolution each pixel is more representative of the components of an object rather 
than the object as whole creating a sprinkling of confused pixels with the “salt and 
pepper” appearance (Blashke and Strobl 2001). The object approach has been proven 
successful in simultaneously mapping spectrally heterogeneous shrub vegetation 
with grasslands and is becoming an increasingly useful tool in remote sensing of 
vegetation (Laliberte et al. 2004). 
 Summary 2.2.6
The literature review has identified the suitability of high spatial resolution aerial 
photography; however there are important limitations to be considered when 





supervised for mapping these environments, both methods will be trialled. Post-
classification change detection appears to be the most suitable method of change 
detection due to observed variability in the images being used in this study. While 
the object oriented approach has been proven to be successful in vegetation mapping 







3 STUDY SITE 
3.1 Regional setting 
The Snowy River is one of the largest snowmelt rivers that drains a basin of 
15,860km
2
 in South-eastern Australia.  The Snowy River has its source in the 
Australian Alps on the slopes of Australia’s highest mountain, Mount Kosciusko, and 
flows 489km through two states before reaching the ocean (Erskine et al. 1999). 
Jennings and Mabbutt (1986) mapped four geographic regions within the Snowy 
River basin including the Australian Alps and the Monaro tablelands (Erskine et al. 
1999).  
The upper reaches of the Snowy River Catchment above Jindabyne are considered 
the Australian Alps and are located in alpine, sub-alpine and montane climatic 
regions (Erskine et al. 1999).  Below Jindabyne, the Snowy River enters the 
geomorphic region known as the Monaro tableland which is an undulating plain with 
tabular basalt relief and granite tors (Erskine et al. 1999).  Much of the catchment 
within the Monaro Tableland experiences a distinct rain shadow with mean annual 
rainfall decreasing to about 460mm at (Erskine et al. 1999).  
Within the Monaro Tableland geomorphic region, two geomorphic regions are 
recognised, the upstream Jindabyne Gorge and the Dalgety Uplands macro-reaches. 
The Jindabyne Gorge extends 11.5km downstream from the Jindabyne in a steep, 
confined landscape of granitic bedrock and boulders (Erskine et al. 1999).  The 
Dalgety Uplands reach extends 57.5 km across the Monaro Tableland and 
experiences significantly flatter bed slope in comparison the Jindabyne Gorge 
(Erskine et al. 1999), resulting in this maco-reach being considered a significant 







Figure 3.1: The Snowy River Catchment and the location of the Snowy Flow 
Response Monitoring and Modelling program study sites (Source: 







































































































































































Between 1955 and 1967, four major water storages were completed in the upper 
Snowy River as part of the Snowy Mountains Hydro Scheme (Reinfields et al. 2013). 
These four water storages are the Eucembene, Guthega, Island Bend and Jindabyne 
Dams, with the Jindabyne being the furthest downstream.  .  Other water diversion 
structures such as the Mowamba Weir are also utilised to divert water in downstream 
tributaries in order to increase the catchment area of Lake Jindabyne.  
The nearest  minor snowmelt tributary for the Snowy below the Jindabyne Dam, the 
Mowamba River also has up to 98% of its discharge diverted to the scheme upstream 
from its confluence with the Snowy River (Morton et al. 2010). As a result flow 
regulation the Snowy River downstream of Jindabyne dam was reduced to less than 
1% of its mean annual flow (Gibson and Hurst 2006). 
 
Figure 3.2. Two release points for environmental water to the Snowy River: (A) 
the primary release point Jindabyne Dam and (B) the secondary 









The reduced water level variation and fluvial disturbance in the Snowy River has 
resulted in a reduction in the complexity of the native vegetation and a reduction in 
the area of riparian habitat in comparison to its terrestrial counterpart (Gibson and 
Hurst 2006). This reduction in high flows has allowed the river channel to constrict 
due to encroachment by choking vegetation (Gibson and Hurst 2006). The loss of 
flow volume and velocity has also  supported the deposition of sediment creating 
stable seed beds permitting vegetation to establish (Gibson and Hurst 2006). 
 Long term hydrological changes in the Snowy River  3.1.1
In 2004-05, water savings projects were commissioned in the Murray and 
Murrumbidgee river catchments (i.e. Western Rivers) to provide an entitlement to the 
Snowy River.  These water entitlements were generated by “Water for Rivers” a joint 
government enterprise between the NSW, Victorian and Commonwealth 
Governments.  Decisions by the Water for Rivers enterprise were effectively 
independent of the partner governments.  These water savings were then converted to 
water access licences (WAL) and the associated entitlements have steadily increased 
to 212,141 GL by 2015 (Williams 2014, in prep) 
The gradual increase in water entitlements has resulted in the total annual target for 
releases from Jindabyne increasing from 10.5GL in 2002-03 to 181.6 GL in 2013-14 
(Figure 3.5).  A total of 142.141 GL is available for release in 2015-16.   
In any one year, the environmental water available for the Snowy River Increased 
Flows varies as it is dependent on the climatic conditions in the Western Rivers. 
Between 2002-03 and 2015-16, four approaches to the delivery of the environmental 
water to the Snowy River have occurred resulting in differing hydrological signals 
(Figure 3.6). 
Stage 1: 2002-2006 (Tributary releases – low allocation) 
The initial releases of environmental water to the Snowy River were made via the 





During Stage 1, water was borrowed from the Snowy Scheme as the water savings 
had not yet been achieved.  Additionally, Stage 1 occurred during a period of drought 
and low water availability, but the SRIFs essentially reflected the natural 
hydrological signal of the Mowamba River and provided a small variable base flow 
signal to the Snowy River (Morton et al. 2010) 
Stage 2: 2006-2010 (Jindabyne releases - low allocation) 
Releases were made from the new outlet works from Jindabyne Dam.  During this 
period the environmental water releases continued up to 38 GL a year.  During this 
stage, the overall volume was comparatively similar to stage 1, but the flow regime 
differed from the first stage, in that there was a reduction in daily flow variability 
(Figure 3.4).  The natural hydrological signals were poorly reflected in the release 
pattern.  Peak flow rates were well below that required to re-work the bed of the 
river.  
Due to the severity of the drought during this stage and the need to repay the 
“Mowamba Borrowings Account” there was limited ability to make high flow 
releases.  The three governments (i.e. NSW, Commonwealth and Victoria) worked 
together to acquire additional water, repaid the Mowamba Borrowings account which 
allowed high flow releases to occur in Stage 3.   
Stage 3: 2010-2013 (Jindabyne releases - higher allocations- single large spring 
pulse) 
During Stage 3 more entitlements were generated from water savings projects, and 
the drought across south eastern Australia gave way to wetter conditions.  This 
provided sufficient water for an annual flushing flow to be made to the Snowy River.  
Peak flow rates increased to 3,050 MLd
-1
 in 2010 and increased further to 12,080 
MLd
-1
 in 2011 and 2012.  In 2011-12 three high flow events in excess of 10,000 
MLd
-1 
occurred within 12 months.  One of these releases (i.e. March 2012) was a 





These flushing flows were designed to address the initial objective of the Snowy 
River recovery, which was to improve the in-stream habitat quality by re-introducing 
an annual spring flood. 
These flows initiated the start of the physical recovery of the Snowy River habitat by 
scouring the riverbed of the stored fine sediment in the river channel, and improving 
habitat condition. However, the flushing flows of this stage typically consumed > 
50% of the annual water allocation and resulted in limited daily flow variability for 
the remainder of the year.  Many of the other hydro-ecological targets could not be 
met during the remainder of the year. 
Stage 4: 2013-2015 (Jindabyne releases - higher allocations -multiple spring events) 
The fourth stage commenced during the 2013-14 water year.  This stage of the 
program builds on the previous releases by including high flows, but also increasing 
the daily flow variability for the entire water year (Figure 3.4). The images used in 
this study do not account for stage 4 of the new flow regime.  
 
Figure 3.3. Total annual water targets for the Snowy River Increased Flows 


































Figure 3.4: Mean daily discharge for the Snowy River measured at Dalgety 
between 1988 and 2013. This study covers an assessment of stages 2 and 3. 
 
 
Figure 3.5. Total annual water targets for the Snowy River Increased Flows 
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Figure 3.6. Percentile flows for mean daily discharge (MLd
-1
) in the Snowy 
River @ Dalgety, for each flow stage, 1998-2015. Water years are May 
to April. (source: s. Williams). 
 
It is expected that flood flows will strip vegetation and aid in the dispersal and 
settlement of plant propagules (Williams in prep), higher seasonal baseflow will 
drown vegetation and flow increased flow variability will cause wetting and drying 
of the vegetation in submerged and riparian habitats.  The spatial distribution of 
plants and areas will change in response to increased active channel width and 
inundation patterns associated with flow releases.  There will be an increase in the 
area, and variability of riparian habitat, the extent of which will be determined by 
changes in the flow regime (Gibson and Hurst 2006).  
 
 
Mean discharge (MLd-1) by flow stage

































3.2 Summary of key hydrological changes  
The key hydrological changes in the Snowy River during the study period are stated 
in Table 3.1. Stages 1 and 2 are hydrologically very similar except a slight increase 
in median and mean discharge but a reduction in variability represented by the 
reduction in the variation coefficient.  
Stage 3 saw significant increases in the median and mean discharge as a result of the 
increased base flow and introduction of high flushing flows. The coefficient of 
variation has increased and flows that increase soils moisture of and inundated the 
lower bench are observed more frequently. The key components of change with the 
new flow regime are the introduction of (i) a slightly higher base flow and (ii) high 
flow regime that has allowed scouring of the river. 
Table 3.1: Descriptive statistics of key hydrological metrics of mean daily 






3.3 Climatic conditions during the study period 
During the study period there was significant variation in rainfall during key time 
periods. In 2010 the during the preceding two months prior to image capture 240mm 
of rain was recorded at Dalgety (BOM 2015)(Figure 3.7).Davenport and Nicholson 
(1993) state that a “green up” event occurs one to two months after rainfall events 
which effects classification by remote sensing because of the increased greenness in 
terrestrial vegetation (Figure 3.8).  The significance of this rainfall event is discussed 
in the following chapters.  
 
Figure 3.7: Mean monthly rainfall recorded at Dalgety during the study period. 







Figure 3.8: Differences in background spectral signature for each image (A) 
2007, (B) 2010 and (C) 2013 for the Snowy River downstream of 
Blackburn Creek (Site4). Rainfall values provided are the total 
volume of rainfall in millimetres for the preceding two months of 
image capture. 
 
3.4 Study sites 
The two study sites examined within this project are located within the Dalgety 
Uplands macro-reach downstream of the Jindabyne are 24.1 and 30.6 kilometres 
downstream of Jindabyne Dam.  The Snowy River at Rockwell (Site 3) and the 
Snowy River downstream of Blackburn Creek (Site 4) are located 751m and 738m 
AHD and are surrounded by agricultural land that is subject to grazing.  Previous 
studies, including extensive vegetation surveys have focused on these sites (Gibson 
and Hurst 2006) and these locations are the focal points for long term monitoring of 
the Snowy River providing aerial photographs, topographic survey data, hydraulic 
models, river discharge data and historical vegetation transect data and photo point 
information.   
Previous studies on the vegetation community structure at the study sites indicates 
that they have similar species composition within line transects (Gibson and Hurst 





species indicated that the Snowy River at Blackburn Creek (Site 4) is different from 
all other sites despite being geographically very close to the Snowy River at 
Rockwell (Site 3) (Gibson and Hurst 2006). 
 
 
Figure 3.9: Change in riparian vegetation composition through time (A) Site 4 






4 METHODS  
The key objective of this study was to quantify the spatial changes in riparian 
vegetation in response to increase flow using high resolution aerial photography at 
two sites in the Snowy River. This section describes the methods used to initially 
classify the riparian vegetation and then quantify the changes in vegetation during 
the study period, 2007-2013. This analysis was conducted using a combination of the 
spatial programs, ENVI4.8 (Exelis 2010) and ArcMap10.2 (ESRI 2013). These 
changes are then assessed in conjunction with key hydrological metrics and water 
inundation modelling data to determine the link between increased flows and the 
riparian vegetation response.  
4.1 Data sets 
A series of multi-temporal ortho-photos were used in this study provided from the 
NSW Office of Water, Snowy Flow Response Monitoring and Modelling Program. 
The orthophotos were provided in four band format which included visible colour 
and near infra-red bands (Table 4.1). Water inundation patterns at various river 
discharge rates were also provided by the NSW Office of Water represented by 
polygons in shapefile format.  The water inundation patterns were modelled using 
River 2D hydraulic modelling software (HEC 1997).  Lidar derived digital elevation 
models for site 4 were also provided by the NSW Office of Water.  






4.2 Image analysis and vegetation mapping 
 Image classification  4.2.1
 Based upon the findings for the literature review for the classification of riparian 
environments both unsupervised and supervised methods were trialled in this study. 
Similar to the process adopted by (Lang (2007); Nicholls (2012); Sawaya et al. 
(2003)) an intentionally excessive number of unsupervised classes (30-40) were 
created using the ISODATA method. After evaluation, these classes were combined 
and reduced to six information classes. Visual inspection of the results indicated that 
a supervised classification may be more appropriate. In particular, the unsupervised 
classification was unable to separate key vegetation classes which were 
distinguishable in a trialled supervised classification. The following section outlines 
the method undertaken for this study which used a supervised classification and 
change detection analysis while working with both, ENVI4.8 (Exelis 2010)and 
ArcMap10.2 (ESRI 2013) (See Figure 4.1).  
 
Figure 4.1: Flow diagram representing the methods undertaken for the spatial 







Prior to commencing the classification process the image was sub-setted to remove 
excess area not relevant to mapping to improve classification speed and performance.  
This was task was undertaken using two different techniques due to the 
inconsistencies with coordinate systems between the images. The 2010 and 2013 
othophotos were provided with the datum D_GDA_1994 that is recognisable by both 
ENVI 4.8 (Exelis 2010) and ArcMap 10.2 (ESRI 2013). However, the 2007 
orthophotos were provided with the custom datum D_GDA94_ICSM which was not 
recognisable by either ArcMap 10.2 (ESRI 2013) or ENVI 4.8(Exelis 2010). All 
attempts to convert the datum of the 2007 orthophoto were unsuccessful.  
As a result the image sub-setting of the 2010 and 2013 orthophotos were performed 
using the extract by mask feature in ArcMap10.2 before being exported to ENVI4.8 
for classification.  The 2007 image was required to be subset using the subset by ROI 
feature in ENVI 4.8 (Exelis 2010). The presence of this custom coordinate system 
had a significant bearing on the techniques used in the study which are discussed in 
Chapter 6.   
Supervised classification  
Supervised classification is performed when the identity and location of some of the 
vegetation are known before the classification process through field work, maps or 
personal experience (Jensen 1996). The target sites are homogenous examples of 
known vegetation types that are commonly referred to as training sites (Jensen 1996). 
The spectral characteristics of these known sites are used to “train” each pixel within 
the image, allocating it to the class within which it is most likely to be a member 
(Jensen 1996). The collection of quadrats is a commonly used technique for training 
data collection with the analysis of larger areas usually requiring large quadrat sizes 
(Kadmon and Harari-Kremer 1999). However, the steep gradients and short ecotones 
seen in riverine environments, combined with the use of high spatial resolution 
imagery justify the use of the smaller 1m x 1m quadrats (Adam et al. 2009) .  
To determine location and vegetation information required to perform a supervised 
classification a series of floristic 1m
2





site based meso-habitats (i.e. water’s edge, lower in-channel benches, higher in-
channel benches, river banks) (Table 4.2). These meso-habitats represent the 
inundation gradient within the river channel, major observable classes within the 
image and potential vegetation guilds within the Dalgety uplands. This training data 
on structural classes also included detailed information on floristic structure of the 
structural vegetation groups (Table 4.3).  Plant specimens were identified using 
available taxonomic keys (Sainty and Jacobs 1981, 2003) and the plant specimens 
that could not be definitively identified on site were sent to the National Herbarium 
for identification. Precise location of the quadrates was determined by the survey 
grade real time kinematic (RTK) differential GPS. 
Table 4.2: Number of quadrates collected from different meso-habitats found 
within the riparian zone.  
 
Table 4.3: Environmental information collected within randomly sampled 1m
2
 








Figure 4.2 A 1m
2
 quadrat used to define the floristic and structural composition 
of the aquatic vegetation
 
in the Snowy River. Additional 
environmental variables were measured such as water depth, and 
plant height.  
 
The use of the RTK equipment to determine the location of quadrates formed 
precisely located polygons that could be converted to ASCII files and input as 
“regions of interest” in ENVI4.8 (Exelis 2010). The location of these polygons 
combined with floristic and structural information on the vegetation present provided 
the training data required for the supervised classification. The spectral reflectance 
Pixels located within the polygons was selected as “regions of interest” in ENVI4.8 
to “train” the remaining pixels in the image (Exelis 2010). Pixels outside the 
quadrates, guided by user knowledge, were also included as “regions of interest” to 
achieve a minimum of 200 pixels per vegetation or land cover class.  
The success of supervised classification is dependent on the degree to which spectral 
signatures of classes can be discriminated (Jones et al. 2004).  To examine the extent 
to which the chosen spectral classes could be separated, the classes were assessed 
with the n-d visualizer tool in ENVI4.8. This process identified classes that could be 
discriminated based on their spectral signatures and classes that require further 
processing to sufficiently classify ( 
 
Table 4.5). This high number of confused pixels and reduced separability of classes 
is an artefact of the spectral heterogeneity created by multispectral, high spatial 





likelihood classifier was applied to those classes identifiable by their spectral 
signatures.  
Post-classification smoothing is often required, particularly when analysing image 
data that contains a very high spatial resolution. Classification on a pixel by pixel 
basis often displays a “salt and pepper” appearance from the inherent spectral 
variability within the image (Lillesand et al. 2004).  Post-processing methods such as 
iterative majority filtering are forms of spatial smoothing based on neighbourhood 
characteristics of classified pixels that can increase spatial coherence, improve visual 
appearance and increase classification accuracy (Fierens and Rosin 1994). In this 
study a 3 x 3 majority smoothing filter was applied to the classified maps based on 
the smaller patch sizes of the some classes such as Juncus sp. and Leptosperumum 
sp. that may be excluded from a larger filter.  
Further classification 
Vegetation classes that could not be separated based on their spectral signatures 
required further classification and processing ( 
 
Table 4.5). The initial classified map was converted to a shapefile and exported from 
ENVI4.8  to ArcMap10.2 (ESRI 2013; Exelis 2010). Within ArcMap10.2 further 
classes (i.e. Leptospermum, Willow, Dead vegetation) were created and added to the 
existing classified map using the update overlay tool. Comparing the classified map 
with visible colour ortho-photos and using the select by attributes and edit features, 
the polygons that were obviously misclassified were corrected and others were 
created using on screen digitisation. This same method was used to classify shadow 
features, which occupied a considerable amount of the landscape due to the presence 
of willows, tea trees and steep former channel banks. Germaine and Hung (2011) 
used a spatial autocorrelation algorithm to correct confused and shadow pixels; 
however, in this study it was sufficient to manually allocate shadow features by the 
majority neighbour pixels. Details of the designated information classes are provided 















Table 4.5:  The different image classification procedures required to define all 
vegetation and land cover classes.  
 
 
Figure 4.3: Land cover or vegetation classes identified in the study; (A) open 
water, (B) Exposed substrate, (C) mixed emergent, (D) Low growing 
vegetation, (E) Juncus, (F) terrestrial vegetation,(G) Willow, (H) 






 Accuracy assessment  4.2.2
Determining the accuracy of classified maps is essential to validate any significant 
findings. The ideal situation is to locate test pixels within the study area to use as 
reference information against the classified map (Jensen 1996) The confusion or 
error matrix is the most common form of class accuracy assessment and provides a 
cross-tabulation of the relationship between reference data and the classification data 
over the entire study site (Stehman 1998).  The error matrix enables the calculation 
of overall accuracy and the kappa statistic which provides an indication of the 
percentage which correct values in the error matrix are due to true or chance 
agreements (Lillesand et al. 2004). Producer and user accuracies can also be 
calculated from the error matrix where the producer accuracy indicates how well the 
reference data is represented by the classification categories while the user accuracy 
is the probability a classified pixel is actually represented on the ground (Lillesand et 
al. 2004). 
Accuracy assessment on the 2013 Site 3 and 4 classified images was conducted by 
collecting reference data in the field for comparison with classification data. Due to 
significant time and resource restrictions a differential GPS with an accuracy high 
enough to sufficiently determine the location of classes with small patch size was 
unavailable.  To compensate an extensive photo documentation of the vegetation was 
conducted along permanent transects that are used at each site for long term 
collection of cross sectional data (Figure 4.4).  Using ArcMap10.2 (ESRI 2013), 
reference sample points were placed along transect lines every 3 metres and map 
classification was compared with ortho-photos and cross referenced against ground 
vegetation photos to develop an error matrix. The same technique was applied to the 
2007 and 2010 images using historical photos collected at long-term photo points to 
cross reference for the ortho-photo comparison. For classes underrepresented along 
the transect lines extra samples were taken.  
Congalton and Green (2009) suggest collecting a minimum of 50 samples per class 





successfully developed an error matrix using less samples (Everitt et al. 2004; 
Harvey and Hill 2001). A minimum of  10 samples was collected for each class with 
the larger classes receiving at least  40 samples.  
 
Figure 4.4: Permanent transects used at the two Dalgety Uplands sites (i.e. Site 3 
and 4) provided a systematic approach to collecting reference data 
points for accuracy assessment (Source: NSW Office of Water).  
 
 Change detection of vegetation, 2007-2010-2013.  4.2.3
Digital change detection is the process of describing changes in land cover that 
occurs between two or more dates that is uncharacteristic of normal variation 
(Shalaby and Ryyutaro 2007). One of the most common methods, post-classification 
change detection, is performed by analysing images that are separately classified 
minimising the issue of radiometric calibration (Shalaby and Ryyutaro 2007). A post 
classification change detection analysis was applied to the three mutli-temporal 
images to quantify the changes in riparian and aquatic vegetation. However, a post 
classification change detection performed on a pixel by pixel basis could not be 
conducted due to the custom coordinate system for the 2007 image which ENVI4.8 





 As mentioned earlier in section 3.2, the 2007 ortho-photo was acquired with a 
custom coordinate system that could not be altered. The outcome of this is that the 
2007 ortho-photo is inconsistent with the 2010 and 2013 ortho-photos preventing the 
use of some comparison techniques.  
 As a result the change detection analysis was required to be performed using a 
thematic change detection analysis. Similar to the method used by Antwi et al. 
(2008) this was performed in ArcMap10.2 using the union tool on the classified 
shape-files of the images. The multi-date images were combined using union and 
changes were identified using the select by attributes feature. The changes were then 
transcribed as an area value into a change detection matrix and further analysed (See 
appendix 1). The method of developing a change detection matrix provides a 
comprehensive “from-to” analysis of change as opposed to the less informative 
simple detection of change (Shalaby and Ryyutaro 2007).  
 
4.3 Hydrological and hydraulic analysis  
The key objective of this study was to quantify the changes in vegetation in response 
to changes in hydrology and local hydraulics. As a result some simple hydrological 
metrics were determined based on mean discharge rates at the Snowy River at 
Dalgety Weir (222026) located between sites 3 and 4. The availability of previously 
collected data relevant to the hydraulic and hydrological characteristics of the Snowy 
River downstream of Blackburn Creek (Site 4) made this site suitable for flow 
regime and vegetation analysis.  This data included LiDAR derived digital elevation 
models, elevation models relevant to the down sloping water surface and water 
inundation maps based on modelling using HEC-RAS  and River 2D and was 
supplied by the NSW Office of Water (HEC 1997). The inundation data for the 
Snowy River at Rockwell (Site 3) was not available at the time of the study. Maps 
were analysed against an inundation layer and discharge data to determine the 





4.4 Functional group determination 
One of the key objectives of the study was the development of functional groups of 
riparian and aquatic plants in response to the flow regime. Initial observations of the 
study sites revealed a variety of meso-habitats along a water gradient (i.e. River 
edge, Lower bench, higher bank) within the riparian zone that could be distinguished 
by differing plant species and vegetation structure. These meso-habitats were 
sampled using 1m
2 
quadrates outlined in section 4.3.1 and key species were 
identified that could be compared with the wider literature to determine potential 
functional groups. A comprehensive vegetation survey and analysis was beyond the 
scope of this project so a simple presence or absence within quadrats for each meso-
habitat was used for those species previously identified by other authors in water 
plant functional groups developed by Casanova & Brock (1997).  This allowed the 
placement of vegetation classes into functional groups to determine a link between 
















5.1 Image analysis  
 Accuracy assessment 5.1.1
The overall accuracies and kappa statistic are provided in Table 5.1 and ranged from 
81.7% to 63.8 % and 0.52 to 0.76 respectively. However, it is noted that training and 
testing on the same data set results in overestimates of classification accuracy 
(Congalton 1991).    
Table 5.1: Accuracy assessment for both sites in the Dalgety uplands between 
2007, 2010 and 2013.  













2007 71.0 0.60 79.1 0.73 75.6 0.68 
2010 63.8 
 
0.52 61.8 0.53 64.0 0.53 
2013 79.9 0.70 81.7 0.76 81.0 0.74 
 
The lowest classification accuracies were recorded for both Sites 3 and 4 in the 2010 
image (Table 5.2).  This low accuracy is largely because of confusion between the 
emergent and terrestrial vegetation classifications caused by a significant amount of 
rainfall in the months preceding the image capture. This rainfall caused a “green-up” 
event that result in terrestrial and emergent vegetation having similar reflectance 
properties and an over-representation of emergent vegetation in the image.  
 
Table 5.2: Producer and user accuracies determined for emergent and 
terrestrial vegetation across all sites and dates.  
 Terrestrial vegetation Emergent vegetation 
Producer 
accuracy 
User accuracy Producer 
accuracy 
User accuracy 
2007 78.5 73.7 70.5 72.9 
2010 46.1 67.6 49.2 41.0 






Across all sites and dates Juncus vegetation obtained high producer accuracies and 
low user accuraices (Table 5.3). The users accuracy indictaes the probability that a 
pixel classified into a given category actually reperesents that category on the ground 
(Lillesand et al. 2004). In this instance, areas classified as Juncus on the maps 
frequently were other vegetation classes in the reference data but Juncus recognised 
in the reference data was regularly confimred as Juncus on the classified map. This 
pattern is an artefact of Juncus being overestimated in the classified maps due to the 
spectral similarity of this class and a variety of other pixels in the image. Juncus was 
regularly confused with darker pixels in the image, such as shadow features, wet 
soils and emergent vegetation attenuated by underlying water.  
Table 5.3: Producer and user accuracies for Juncus vegetation across all sites 
and dates.  
 Site 3 Juncus Site 4 Juncus 
Producer 
accuracy 
User accuracy Producer 
accuracy 
User accuracy 
2007 81.8 40.9 95.0 57.6 
2010 80.0 57.1 90.0 55.3 
2013 80.0 53.3 75.0 51.7 
 
Low producer accuracies and high user accuracies were recorded for the Tea tree 
class due to the inability to separate tea tree based on spectral features and as a result 












 Change detection analysis of land cover classes 2007-2013 5.1.2
Changes in open water 
Between 2007 and 2013 there is an overall increase in open water and back water 
habitats.  These habitat types increased during this period by 1,578m
2
 at site 4 and 
928m
2 
at site 3, representing 2.5% and 1.82% of the total area of water respectively 
(Figure 5.1, Figure 5.2). 
However, during the earlier low flow stages (stage 2, 2007-2010) there was a 
decrease in open water and backwater habitats of 342m
2
 at site 3 and 562m
2 
at site 4.  
The low flows during the stage 2 appear to have facilitated the expansion of 
emergent vegetation into the lower benches and edges of the river channel.  
 The most significant change in open water and backwater habitats occurred after the 
introduction of flushing flows for the first time since river regulation (Stage 3).   
During this period there was an increase of open water and backwater habitats in the 
order of 2,075 m
2
 at site 4 and 1,270m
2 
at site 3 (Figure 5.11).  The majority of this 
change occurred at the expense of the former low lying emergent macrophyte habitat 
(i.e. Juncus spp.) with 1,504m
2
 (Site 4) and 915m
2
 (Site 3) being converted from 
Juncus to Open water.  
The main  mechanism is the introduction of flushing flows during Stage 3 that has 
scoured the high velocity riffle and run meso-habitats in the active channel. This is 
evidenced by an increase in channel width in the upper riffle  in Site 4 from 4.4m in 
2007 to 8.6m in 2013 (Figure 5.3). Instream vegetated islands of Carex spp. have 
been removed since the introduction of flushing flows (Figure 5.3). One upstream 
riffle at Site 4 just below the confluence with Blackburn Creek the amount of area of 
vegetated islands of Carex spp. have been reduced form 683m
2
 in 2007 to 605m
2
 in 
2013.  No significant change to the channel morphology occurred apart from the 
removal of the Carex spp. 
Another mechanism is the increased base flow and increased frequency of inundation 
of the lower bench allowing standing water to remain more permanently in localised 
depressions. In 2013 an extra 776m
2
 of standing water habitat was present outside of 






Figure 5.1: Changes in open water and backwater habitats between (A) 2007 
and 2010 and (B) 2010 and 2013 and (C) overall change between 







Figure 5.2: Changes in open water and backwater habitats between (A) 2007 
and 2010 and (B) 2010 to 2013 and (C) overall change between 2007 and 2013 at 
the Snowy River ds Blackburn Creek (4). 
 
Figure 5.3: Changes in open water and extent of vegetation cover (A) 2007 and 
(B) 2013, and (C) channel morphology at cross-section 0 (i.e. upper riffle) in the 






Changes in emergent vegetation 
While there are differences between the sites in terms of changes in emergent 
vegetation there is a general trend towards an increase in emergent vegetation with 
increase in flow rate and variability. Between 2007 and 2013 the emergent vegetation 
increased by 2,892 m
2
 at site 4 and 5,257m
2
 at site 3 (Figure 5.11).  
During the Stage 2 low flows there is a very slight increase, 58m
2
, in emergent 
vegetation at Site 3 while there is a 2,350m decrease in emergent vegetation at Site 4 
(Figure 5.4, Figure 5.5).  This decrease in emergent vegetation at Site 4 between 
2007 and 2010 is attributable to the increase in vegetation classified as Juncus.    
However, during the increased flow period between 2010 and 2013 there was 










), particularly in lower elevations adjacent to the 
active channel.   
The emergent vegetation group consists of flood tolerant species such as Phragmites 
australis, Schoenoplectus validus, Schoenoplectus pungens ,Carex appressa, Carex 
gaudichaudiana and Carex fascicularis and the increased flows have allowed their 
distribution to expand into the former channel (i.e. formally terrestrial habitat) with 
3,832m
2
 change at Site 4 and 5,796m
2






Figure 5.4: Changes in emergent vegetation between (A) 2007 and 2010 and (B) 
2010 and 2013 and (C) overall change between 2007 and 2013 at the Snowy 







Figure 5.5: Changes in emergent vegetation between (A) 2007 and 2010 and (B) 
2010 to 2013 and (C) overall change between 2007 and 2013 at the Snowy River 








Changes in Juncus vegetation  
Significant changes in the emergent vegetation structure occurred during both Stage 
2 and 3 and reflect the vegetation response to the changed hydrology.  The most 
obvious change between 2007 and 2013 at both sites is the initial expansion and then 
reduction in the area of the Juncus spp. vegetation representing significant structural 
change in the lower bench meso-habitat (Figure 5.6, figure 5.7).  In the absence of a 
high base flow and flushing flows between 2007 and 2010 there was a net increase in 





(Figure 5.6, Figure 5.7). The significant difference between sites is attributable to the 
larger low gradient area of lower bench habitat at Site 4 compared to Site 3 which 
provides a suitable environment for the expansion of Juncus under low flow 
conditions.  
During the subsequent period of higher and more variable flow there was a 
significant reduction in the amount of the Juncus spp vegetation (13,758m
2
 at Site 4 
& 4,185m
2
 at Site 3).   
Water inundation modelling of the Snowy River d/s Blackburn Creek (Site 4) 
indicates that the most significant losses of tussock vegetation occur in lower river 
benches, in particular the low lying open expanses in the downstream section of site 
4.  During flows of 400MLd
-1 
approximately 15% of this area previously dominated 
by Juncus spp.  is inundated. During the period in which the Juncus spp. appear to 
proliferate there are 23 days in which the flow reaches 400 ML.d
-1 
or more while the 
following period that shows the decline of Juncus spp. habitat there are 195 days 
above 400 MLd
-1
.  This represents a significant increase in the frequency of 
inundation and as a result the amount of standing or flowing water available and 
subsequent saturation of the soil profile. Flows with a discharge of 800MLd
-1
 occur 
on 95 days during Stage 3 of the flow regime and completely inundate this area.  
 Field observations of this structural vegetation species at Sites 3 and 4 have shown a 
significant decline in the health and abundance of Juncus spp. at lower elevations 






Figure 5.6: Changes in Juncus vegetation between (A) 2007 and 2010 and (B) 
2010 and 2013 and (C) overall change between 2007 and 2013 at the Snowy 







Figure 5.7: Changes in Juncus vegetation between (A) 2007 and 2010 and (B) 
2010 to 2013 and (C) overall change between 2007 and 2013 at the 






Changes in Low growing vegetation  
During both stages of the new flow regime there was an increase in low growing 
vegetation. This class consists largely of low growing homogenous cover species 
such as Trifolium arvense and Rumex crispus At Site 4 the low growing vegetation 
increased during both stages of flow, increasing by 227m
2 
during Stage 2 and 
increasing by a further 356m
2 
during stage 3 (Figure 5.8). This vegetation was 
located predominately in a band between the emergent and terrestrial vegetation 
supporting the suggestion that this vegetation group may form a transitional zone 
between the lower bench emergent species and higher bank terrestrial species.  
 
Figure 5.8: Changes in low growing vegetation between (A) 2007 and 2010 and 
(B) 2010 to 2013 and (C) overall change between 2007 and 2013 at the Snowy 





Changes in terrestrial vegetation  
Sites 3 and 4 differed in the changes occurring in terrestrial vegetation in response to 
the new flow regime. At Site 3 a reduction in terrestrial vegetation occurred during 
both stages with much of the lost terrestrial vegetation being converted to emergent 
vegetation. At Site 4 there was a decrease in terrestrial vegetation between 2007 and 
2010 before an unexpected increase between 2010 and 2013 (Figure 5.9, Figure 
5.10). This is a surprising result considering this period is defined by an increase the 
flow frequency and magnitude aimed at removing the terrestrial vegetation. 
However, this terrestrial vegetation replaces large amounts of vegetation classified as 
Juncus in 2010 in an area affected by the shadow of the former channel bank which 
has been over classified.   
Another terrestrial vegetation class, tea tree (Predominately leptospermum 
laevigatum) showed variable results across both sites despite an observed decrease in 
abundance during the new flow regime. This is largely attributable to difficulties in 
correctly classifying this class. No discernible pattern was observed for changes in 
exposed substrate which is possibly a result of difficulties in definitively separating 






Figure 5.9: Changes in terrestrial vegetation between (A) 2007 and 2010 and (B) 
2010 and 2013 and (C) overall change between 2007 and 2013 at the Snowy 







Figure 5.10: Changes in terrestrial vegetation between (A) 2007 and 2010 and 
(B) 2010 to 2013 and (C) overall change between 2007 and 2013 at the Snowy 
River ds Blackburn Creek (4). 
 
Figure 5.11:  Change in vegetation and land cover in total area (m
2
) at both 






5.2 Linking vegetation structural classes and water inundation patterns 
To determine the link between the distribution of riparian vegetation in response to 
the new flow regime 1D and 2D hydraulic modelling of inundation patterns at site 4 
was analysed with classified vegetation layers.  The riparian vegetation distribution 
and abundance is typically controlled by local geography, river discharge, and local 
water inundation behaviour.  By comparing the area inundated by water during 
different discharge rates and the vegetation distribution it is possible to determine 
distribution patterns based on elevation and inundation. 
Emergent and Juncus vegetation 
With increasing elevation from the river surface at base flow, the river edge and 
lower bench area is dominated by amphibious emergent species, represented by the 
Emergent and Juncus classes. These vegetation classes occupy a broad area within 
the lower bench with 78.2% of total emergent and 88.0% of total Juncus in 2013 
being found between the river edge and 0.9m in elevation (Figure 5.13). In terms of 
total area of the lower bench, from the river bench Emergent and Juncus classes 
combined occupy 57% of the area to 60cm elevation and 51% of the area to 90cm 
elevation.  
Even during low flow stages the emergent and Juncus vegetation typically occupied 
the zone between base flow and the inundation extent of an 800 MLd
-1
 (Figure 5.12). 
These 800 MLd
-1
 flows only occurred 3 and 4 times during the first two stages of the 
flow regime compared with 85 times during Stage 3. This suggests that some of the 
species making up the emergent classes only require infrequent inundation to persist 
in the environment and that there may be a lag time between distributional changes 
up the elevation gradient in emergent vegetation in response to increased flows.  
Low growing vegetation 
In response to the higher flow regime, the distribution of low growing vegetation 
appears to have increased in area by colonising slightly higher elevation meso-
habitat.  Between 2007 and 2013 the percentage of total low growing vegetation 





of total low growing vegetation found between 30 and 120 cm increased by 21% 
(Figure?).  
 In 2007, only 12.1m
2
 of low growing vegetation could be found between 0.6 and 
1.2m above the river surface. Within the same elevation range in 2013 there was an 
increase to 153.5m
2 
of low growing vegetation. Elevations within this range only 
become significantly inundated during flows of over 1,200MLd
-1
 which occurred 63 
times during Stage 3 compared to no occasions during Stage 1.  It is suggested that 
the introduction of higher flows  have allowed this vegetation type to expand up the 
elevation gradient attributable to an increase in soil moisture provided by more 
frequent lower bench inundation. 
While terrestrial vegetation is recorded in small amounts in the lower bench the 
abundance of terrestrial vegetation predominately found in higher elevations with 
10,292m
2 
or 55.6% of terrestrial vegetation being found higher than 0.9m above base 
flow (90MLd
-1
) (Figure 5.13). Between 2007 and 2013 terrestrial vegetation has 
decreased by 2.7% of its total area in the lower bench area between base flow and 
0.9m elevation. Considering the significant area occupied by the terrestrial class this 
equates to a reduction of 1,114m
2
 of terrestrial vegetation on the lower bench in 








Figure 5.12: Relationship between river discharge and the percentage of each 
vegetation class inundated as a percentage of class total per image for (A) 








Figure 5.13:  Relationship between elevation above base flow (m) and the 
percentage of each vegetation class inundated as a percentage of class total per 
image for (A) Emergent, (B) Juncus and (C) low growing, and (D) terrestrial 
vegetation. (E) Highlights the point that as elevation increases with area within 











5.3 Floristic and functional groups 
Vegetation sampling within the riparian zone in the Dalgety Uplands indicated a 
relationship between plant species found in observed meso-habitats and defined 
water plant functional groups developed by Casanova & Brock (1997) (Figure 5.14). 
This relationship has led to the development of vegetation guilds for the Dalgety 
Uplands based on the concept of water plant functional groups.  
 
Figure 5.14: Presence of key plant genera randomly sampled in observed meso-
habitats at site 4. Genera are also grouped in into their water plant functional 






The river edge and backwater habitats were dominated by Phragmites australis and 
Schoenoplectus pungens and S. validus. Phragmites australis is classified as a 
submerged emergent (Se) by Casanova (2011) indicating this species requires 
permanent water in the root zone which is support by field observations and field 
sampling in the Dalgety Uplands (Figure 5.15). Schoenoplectus spp. are classified as 
amphibious fluctuation tolerators (Ate), species that tolerate fluctuations in the depth 
or presence of water (Casanova 2000). The field observations and sampling in the 
Dalgety uplands indicate that these species predominately occupy areas with 
standing water. As a result Phragmites and Scheonoplectus spp. form the 
“Submerged emergent” guild for the Snowy River. The remainder of the Ate species 
recorded in the Dalgety Uplands are dominant across the lower bench meso-habitat 
and form the vegetation guild, “amphibious fluctuation tolerators”.  
Field observations indicated there was a possible transitional vegetation group that is 
found between the lower bench and terrestrial habitats. Field sampling shows this 
vegetation band regularly contained Triofolium spp. and Rumex spp. which are 
classified as terrestrial damp (Tda); Species that prefer a saturated or damp soil 
profile and are less tolerant of inundation (Casanova 2000). As a result these 
vegetation types formed the vegetation guild, “terrestrial damp”; however quadrats 
within this meso-habitat often contain Ate and terrestrial species.  
At the higher elevations is the vegetation guild “Terrestrial dry” containing species 
of terrestrial grasses that are intolerant of flooding such as Bromus, Poa, Modiola 







Figure 5.15: Mean water depth recorded in randomly sampled quadrats at Site 











Table 5.4: Vegetation guilds defined the riparian zone of the Snowy River, 
Dalgety Uplands.  Note submerged vegetation guild observed but not 








River discharge is a major determinate of the physical, chemical and biological 
processes within Australian rivers.  A highly altered flow regime can have a 
significant impact on the composition, structure and distribution of riparian 
vegetation.     Returning components of the previous hydrological regime similar to 
that of a Snowy Montane River aims to repair the condition of the degraded riparian 
zones, particularly in the Dalgety Upland Reach which has been significantly 
impacted by river regulation.  Over 96% of the Mean Annual Discharge at the 
Dalgety Uplands had been diverted by the Snowy Mountains Scheme (Morton et al. 
2010). 
The key objective of this study was to determine if the Snowy River Increased Flow 
(SRIF) regime for the period 2007 to 2013 would cause a change in the composition, 
structure and distribution of the riparian vegetation.  In the case of the Snowy River 
downstream of the Jindabyne Dam a higher and slightly more variable flow regime 
has produced observable changes in both the vegetation communities and the 
geomorphology of the river channel.  The introduction of the Snowy River Increased 
Flows has resulted in an increase in (i) emergent amphibious vegetation, (ii) increase 
in wetted or open water habitats and (iii) the reduction of water intolerant vegetation.  
The observed changes in vegetation between 2007 and 2013 have also supported the 
development a conceptual vegetation model containing functional groups of plants in 
response to flow for the Snowy River in the Dalgety Uplands during this period. 
6.1 Changes in hydrology and aquatic vegetation response 
An increase in the total annual volume of water released has allowed changes to the 
hydrological metrics of the Snowy River.  Total annual volume increased from 
10.5GL in 2002-03 to 181GL in 2013-1438GLy
-1
 and included an increase in (i) base 
flow, (ii) daily flow variability and (iii) most importantly the re-introduction of high 
flow events above 10,000 MLd
-1
.  
The change in river discharge has resulted in a number of morphological and 
vegetation changes; in particular the high flows have resulted in an increase in lotic 





has occurred through two main mechanisms; firstly the higher magnitude pulse that 
were not possible during the previous flow regime has locally disturbed the river 
substrate by scouring the sediment and aquatic vegetation creating a more defined 
channel with more area of (i) open and (ii) flowing water.  Secondly, by more than 
doubling the minimum base flow during the new flow regime and increasing the 
frequency of inundating flows there is significant development of backwater habitat.  
This increase in water availability within the riparian zone has allowed low lying 
parts of the landscape such as river edges and localised depressions within flood 
runners to support more permanent bodies of standing water.   
6.2 Vegetation guild – Submerged emergent 
These pool edges and backwaters have provided suitable conditions for the more 
aquatic of the emergent species, the submerged emergent vegetation guild containing 
Phragmites and Schoenoplectus to proliferate and expand their distribution as a thin 
lineal feature within the river landscape.  These species typically show a preference 
for standing water or waterlogged soils (Blanch et al. 1999; Casanova and Brock 
2000).   
Field observations and sampling have shown that Phragmites australis, 
Schoenoplectus validus and Schoenoplectus pungens occupy a narrow longitudinal 
margin and have come to dominate the shallow standing water habitats (typically 
within less than 0.5m of standing water (pers. Observations)). These observations are 
consistent with the findings that permanent inundation or very frequent inundation 
creates low species richness by restricting colonisation to those few species that are 
tolerant of the high stress abiotic conditions (Lenssen et al. 1999; Lite et al. 2005). 
These shallow water or edge zones often come to be dominated by stands of one or 
two species that are usually colonial herbaceous species that have the capacity to 
spread vegetatively (Barrett et al. 2010; Lite et al. 2005). Species such as 
Schoenoplectus spp.  have the ability to pre-empt space and impede the establishment 
of other species allowing them to colonise and dominate patches of recently 
deposited sediment, which is readily observable in the Snowy River downstream of 
Blackburn Creek (Site 4) (Lite et al. 2005).  Additionally, Typha spp. were observed 





very low abundances in a single small patch, but this demonstrates they are able to 
occupy a similar niche to Schoenoplectus spp. and Phragmites australis.  (Casanova 
2011). 
6.3 Vegetation guild – amphibious fluctuation tolerators 
One of the key objectives of the new flow regime was to increase the intermittent 
wetting of the lower alluvial bench resulting in an increase in amphibious or 
emergent vegetation in this meso-habitat.  This result was observed with the lateral 
expansion of emergent vegetation from the main channel and flood runners in 
response to the higher flow regime.  The increase in inundation frequency and the 
subsequent rise in soil moisture content across the lower bench provided a 
competitive advantage to those species more tolerant of increased wetted habitat.  
The species that appear to have expanded their distribution are those classed as 
amphibious fluctuation tolerators by Casanova and Brock (2000) such as Carex spp, 
Persicaria decipens and Eleocharis acuta  These flora are typified by their capacity 
to tolerate fluctuations in both the depth and presence of water (Casanova 2011).  An 
increased flow rate and variability has been found to be beneficial to fluctuation 
tolerator species resulting increased germination rates and abundance (Alexander et 
al. 2008; Casanova 2011; Warwick  and Brock 2003). However, prolonged 
submersion for these species can reduce their reproduction potential as they are 
generally only capable in reproducing in damp conditions rather than submerged 
(Warwick  and Brock 2003).  The observations by Warwick  and Brock (2003) 
support the observed distribution of vegetation in the lower river in-channel benches 
as the water tolerators in this zone receive both moderately frequent inundation but 
are also exposed to drier conditions, typically during late summer and autumn. The 
increase in frequency of flows that are wetting a greater extent of the in-channel 
benches allows these water tolerant taxa to expand their distribution; however a 
significant increase in abundance at higher elevations is yet to be observed. 
Continued and prolonged inundation is likely to prevent this group of plants from 
occupying the low lying frequently inundated habitats and thus providing a 
competitive advantage to species such as Scheonoplectus spp. and Phragmites 





While the increase in total annual discharge has the capacity to expand the 
distribution of amphibious or aquatic vegetation it also has the potential to change 
the local distribution of vegetation.  One of the most striking changes since the 
introduction of the revised flow regime is the expansion and subsequent decline in 
the area of significant vegetation identified as Juncus in the classification.  The 
Juncus vegetation, primarily Juncus articulatus and Juncus effusius, expanded 
significantly during the low flowing stage two of the flow regime before being 
replaced by complex emergent vegetation during the Stage 3 high flows.   The 
Juncus vegetation largely occupied the low lying areas during the low flow years and 
the slight increase in flow and the accompanying drought during Stage 2 may have 
benefited this species.  It has been shown that periodic inundation can increase the 
germination rates for riparian species (Miller et al. 2013). The decline in significant 
Juncus coverage corresponds with a period of higher flows suggesting this species is 
intolerant of prolonged inundation.  Mayence et al. (2010) studying flood tolerance 
in Juncus ingens, found that the most vigorous growth occurred during saturated 
conditions and that complete and prolonged inundation resulted in significant 
physiological stress and death. Field observations in lower lying elevations show 
numerous dead specimens or those being overgrown by other emergent species. It is 
suggested that prolonged inundation and water logging of the soils from slightly 
higher flows has reduced the abundance of Juncus vegetation. However, Baschuk et 
al. (2012) states that substantial shifts in extent of emergent vegetation are more 
uncommon than species compositional change in response to water level 
fluctuations. Field sampling revealed that Juncus spp. is present in the mixed 
amphibious emergent vegetation stands and the loss of Juncus spp. habitat may 
represent a shift in vegetation composition with more flood tolerant species such as 
Carex spp. gaining a competitive advantage over Juncus spp.. A wide range of 
emergent species are classified as amphibious fluctuation tolerant by Casanova & 
Brock (1997,2000) and these results indicate that this functional group could contain 
subcomponents based on further tolerances of water availability that would separate 
Juncus articulatis from more flood tolerant species such as Carex spp. and 
Eleocharis acuta. Casanova & Brock (1997) classified Juncus australis and Juncus 





6.4 Vegetation guild –Terrestrial damp  
This terrestrial damp vegetation guild was found to not only increase in abundance 
but to also have increased its distribution to higher elevations in the riparian zone in 
response to increased flows.  The increase in the water availability across the riparian 
zone provides not only the capacity to more regularly inundate areas but also to 
increase the moisture in the soil profile.  It is suggested that this low growing or 
terrestrial damp vegetation guild is a transitional band of vegetation containing 
terrestrial damp species as well as both terrestrial dry and fluctuation tolerant species 
that benefits from increased soil moisture. It is anticipated that further increased 
flows would increase this trend but move this band up the bank profile.  It is worth 
noting that this vegetation type is significantly more prevalent and therefore 
detectable with remote sensing techniques at the Snowy River ds Blackburn Creek 
(Site 4) rather than Snowy River at Rockwell (Site 3).  The topology at Site 3 is 
characterised by slightly steeper lateral gradients that limit the low growing 
vegetation to a very narrow and largely undetectable band using aerial photography. 
At Site 4, the in-channel river benches are flatter allowing a wider band (i.e. 1 to 2m) 
of transitional vegetation to establish potentially because of an increase moisture in 
the soil profile.  
Stabilization of water levels has been proven to increase the dispersion between the 
wettest and driest vegetation types by increasing the area of the vegetation at the 
edges of the gradient, those always flooded or never flooded (Auble et al. 1994; 
Leyer 2005). The increase in flow variability and the subsequent increase in 
amphibious vegetation tolerant of flooding and drying and increase in terrestrial-
damp vegetation suggests the development of a continuum between permanently and 
never flooded parts of the former river channel. Merritt and Cooper (2000) noted that 
when comparing regulated stream with those that have a natural flow found that 
stable water regimes produce a dichotomy in moisture conditions. Regulated rivers 
with stable base flows such as the Snowy River, which has a stable low flow release 
of 24 MLd
-1
 which equated to a stable low flow of approximately 40MLd
-1
 in the 
Dalgety Uplands for the period 1967 to 2002, contain extensive wetland habitat with 





rivers there is  a continuum from the active channel to high floodplain areas (Leyer 
2005).  This continuum is represented by the vegetation model for the Snowy River 
in which is indicative of a species capacity to tolerate abiotic stress and competitive 
interactions with other species (Figure 6.1). 
In terms of diversity and species richness along the elevation gradient there is an 
apparent pattern of increasing species richness with increasing elevation peaking in 
the terrestrial-damp transitional zone where species interactions and competition is 
likely to be the highest. Similar findings were encountered by (Lite et al. 2005) 
where species richness for herbaceous species increased with plot elevation above 
the surface of the river. This increase in species richness with elevation is consistent 
with the work by Lenssen and De Kroon (2005) that states that competitive plant 
interactions play a more significant role in higher elevations in the riparian zone. In 
lower elevations the prevailing conditions of inundation play a more significant role 
limiting abundance to those species adapted to the waterlogged conditions. Although 
the lack of detailed ground surveys limited the ability to comprehensively analyse 


















6.5 Conceptual model of change for the riparian zone of the Snowy River in 
the Dalgety Uplands.  
 
Determining functional groups of plants has been shown to be a valuable predictor of 
changes in vegetation in response to flow regime fluctuation (Campbell et al. 2014; 
Casanova 2011; Merritt et al. 2010). 
The allocation of functional groups to the riparian zone of the Snowy River in the 
Dalgety uplands has allowed the development of a conceptual model of vegetation 
change from the Stage 1 to the end of Stage 3 flows in response to increased flows 
(Figure 6.1, Figure 6.2). The conceptual model suggests that with increased flows 
there is an increase in abundance in the submerged emergent guild (i.e. Phragmites 
and Schoenoplectus) on the river edge and deep backwater pools. The increased 
flows have allowed the amphibious fluctuation tolerators to expand across the lower 
bench with Carex and Eleocharis occupying lower elevations and Juncus dispersing 
to elevated parts of the lower bench. The increased soil moisture has enabled 
terrestrial-damp species such as Rumex and Trifolium to migrate up the elevation 
gradient expanding their distribution. With continued increased flows it is expected 
the lower end of this vegetation band will be converted to amphibious fluctuation 
tolerators and the upper portion will encroach on the terrestrial vegetation to the high 








Figure 6.1: Conceptual model for the Snowy River riparian zone in the Dalgety 
uplands after stage 1 of the new flow regime, typified by low flows.  
 
Figure 6.2: Conceptual model for the Snowy River riparian zone in the Dalgety 
Uplands after stage 3 of the new flow regime, typified by a higher 






It is anticipated that with higher annual water allocations and more frequent 
innundtion than in Stage 3 that a continuation of the trend towards a  more aquatic 
and amphibious vegetation occurring at the slightly higher elevations within the 
riparian zone.  This will result in the loss of flood intolerant species from lower 
elevations (i.e Leptospermum laevigatum) and a lateral transverse showing a 
continuum of vegetation dependant on water availability requirements. It is important 
to note that there is a lag time in the response of emergent vegetation to changes in 
flow regime van der Valk et al. (1994) found that following inundation of emergent 
vegetation stands it was a further 2-3 years before susceptible vegetation was 
removed. Considering this, given that the most significant changes in the 
hydrological regime have occurred within a two year period prior to the capture of 
the 2013 the most significant changes may not have been recorded with the 2013 
images. Indeed, recent observations during 2014 and 2015 have indicated further 
vegetation changes and subsequent analysis of aerial images from Autumn 2015  is 
likely to show a heightened vegetation response.  
One of the limitations of the existing conceptual models based on the Dalegty 
Uplands (Figure 6.1 to 6.2) is that the riparian zone of the Dalgety Uplands is 
particularly disturbed, with much of the native truly terrestrial vegetation absent in 
this macro-reach.  In the Jindabyne Gorge macro-reach, which has limited grazing 
pressure, the riparian vegetation contains a greater diversity and abundance of native 
flora (i.e. Eucalyptus, Banksia, Hakea, Grevillia, Leptospermum, Isopogen spp and 
ground cover such as Lomandra spp.)(Figure 6.3).  These terrestrial flora are not 
particularly dependent on inundation or the flow regime and are unlikely to be return 
to the Dalgety macro-reach without a complimentary management action (i.e. 







Figure 6.3: The higher elevation riparian zone in the Snowy River at 
Sugarloaf (Site 2) contains a greater diversity of terrestrial native 
flora than the Dalgety Uplands. These native terrestrial flora are 
unlikely to recruit to the lower Dalgety Upland reaches via increased 
flows.  
 
6.6 Limitations and recommendations  
This section attempts to provide an account of some of the limitations encountered 
with the method and remotely sensed data provided and suggests possible future 
solutions to these issues.   
 Field sampling and data acquisition dates 6.6.1
One of the key limitations with using previously collected remotely sensed imagery 
is the time that may elapsed between image capture and collection of field data 
(Baker et al. 2006). In this study the last ortho-photo was captured in March 2013 
and the training data used in the supervised classification was collected in December 
2014 and field validation data collected in April 2015. This represents a significant 





not be avoided due to time and resource constraints. As a result the imagery captured 
in 2013 represents the end of stage 3 of the flow regime while the ground collected 
data is more reflective of the changes occurring during Stage 4 which is not captured 
by the 2013 imagery.  
Considering that the flow regime was allocating significantly more water to the river 
during Stage 4 the vegetation assemblage is likely to be different from image capture 
to field validation. Indeed, on ground examination of the study sites during training 
data collection and field validation suggest that the increased flows have resulted in 
larger changes than those detected in the images. While these limitations are 
inevitable when pre-existing data is being used it is suggested that for further studies 
image capture and field validation be conducted as close together as possible. 
 Another limitation in describing functional groups of plant species in response to 
flow was the lack of field data. An extensive ground survey of plant distribution and 
abundance was beyond the scope of this study, however more detailed work on 
functional groups or guilds requires comprehensive ground surveys and multivariate 
analysis (Adam et al. 2009; Blanch et al. 1999; Casanova 2011). Field data and 
image capture should be undertaken in late Summer or early Autumn as the 
hydrological gradients vegetation appear to be most discernible during this period.  
 Custom coordinate systems  6.6.2
The coordinate system of an image is the fundamental part that accurate spatial 
analysis is dependent on. Inconsistent coordinate systems can have a significant 
impact on the amount and type of classification that can be done on aerial 
photographs. In this study, the 2007 image was set to a datum, D_GDA94_ICSM, 
that was incompatible with both  ArcMap 10.2 (ESRI 2013) or ENVI 4.8(Exelis 
2010) and could not be altered.  While the 2010 and 2013 contained a recognisable 
coordinate system the difference in the 2007 image prevented a pixel by pixel change 
detection analysis being conducted. The solution to this issue involved creating 
shapefiles in ARCmap10.2 of the thematic classes and using the union and select by 
attributes tool to determine the “from-to” analysis needed for adequate change 





it was particularly time consuming due to the manual nature of determining each 
from-to analysis manually. The manual nature of selecting features from the attribute 
table and entering values into an error matrix manually is open to further user error. 
It is suggested that future images be processed into a consistent coordinate system, 
preferably GDA 1994 MGA Zone 55.  
 Considerations for multispectral high spatial resolution aerial photography.  6.6.3
The use of multispectral imagery to classify vegetation has proven useful in terms of 
mapping riparian and wetland vegetation, however there are significant limitations 
associated with the current images. The limitations of being restricted to the use of 4 
bands despite the high spatial resolution made distinguishing some land cover classes 
difficult. As many studies have suggested, the high spatial resolution of 
orthophotography is desired for this level of mapping, however, the lack of spectral 
resolution is an important trade-off which can limit the separation of vegetation 
classes. Accuracy of the Juncus class returned low user accuracies for all sites and 
dates. This occurred because determination of this class from the image was 
particularly troublesome. This vegetation type was distinguishable because of its 
darker colour and tufted erect habitat producing a spectral signature that has lower 
brightness values than the other emergent vegetation. However, significant pixel 
confusion occurred between the Juncus vegetation class and river edge or backwater 
vegetation due to attenuation of the vegetation signal by nearby or underlying water. 
The presence of water increases the variability in reflectance by mixing plant and 
water signals and is one of the key difficulties in mapping riparian and wetland 
vegetation (Silva et al. 2008). 
Significant spectral confusion also occurred between the Juncus vegetation, water 
and parts of the landscape that were encompassed in shadow as well as the Tea trees 
due to the spectral heterogeneity of the shrub features. The presence of trees, both 
large and small, as well as steep former channel banks exacerbated difficulties with 
shadows. The very low brightness values observed in shadows make it difficult to 
distinguish the vegetation type because of the similar dark spectral signature and 





In this study the shadowed areas were classified by manually allocating the shadow 
area to the predominant surrounding vegetation class which is time consuming and 
open to user bias. Subsequent classification methods by masking the shadow areas 
and applying further classification or spatial autocorrelation techniques have been 
employed to overcome these difficulties (Germaine and Hung 2011; Sawaya et al. 
2003). These techniques should be considered for spatial analysis of the Snowy River 
sites within the Jindabyne Gorge which have an abundance of Eucalypts and 
Leptospermum. Furthermore, Myers 1982a cited in (Fensham and Fairfax 2002) 
advocate for the collection of aerial photography under light cloud cover to reduce 
the intensity of shadows.  
Another land surface class that encountered low accuracy and considerable 
misclassification was the exposed substrate class. Much of the error classifying the 
exposed substrate was attributable to confusion with the terrestrial vegetation class.  
Bare exposed rock or soil is generally represented by a highly reflective surface in 
colour infrared imagery and quadrat data revealed this is the case even with a very 
sparse cover of terrestrial vegetation (<30%). Slight increases in the terrestrial 
vegetation cover or an increase in the brightness of the vegetation may affect the 
reflectance of the substrate. A gradient is likely to exist and a threshold between 
substrate and terrestrial may be difficult to define as a distinct boundary. Everitt et al. 
(2004) also found a low producers accuracy of mixed herbaceous species primarily 
due to their confusion with soil/sparsely vegetated areas, while the low user’s 
accuracy of soil/sparsely vegetated areas was mainly due to their confusion with 
mixed herbaceous species. 
Although the terrestrial and emergent classes returned reasonably high accuracies 
there was evidence of spectral confusion between the two classes. The basic 
components that contribute to the spectral reflectance of vegetation, such as 
chlorophyll and water content, are present in all plant species (Adam et al. 2009). As 
a result the ability to separate plant species and communities is difficult with 
multispectral imagery because of the limiting factors affecting the spectral response 
of vegetation (Adam et al. 2009). In this study the separation between terrestrial and 





terrestrial vegetation with the less reflectant and green emergent vegetation. This 
distinction between classes is based on the dynamic characteristics of the vegetation 
that may be due to the present conditions rather than positively identifiable features 
of the vegetation.  This issue is highlighted by the influence seen from a significant 
rainfall event prior to the capture of the 2010 image which exacerbated the 
absorbance feature of the terrestrial vegetation. This “vegetation flush” turned the 
terrestrial vegetation green and provided similar reflectance features to emergent 
vegetation making separation of the classes difficult.  This issue is difficult to correct 
as it is an inherent feature of the reflectance of vegetation and their local conditions. 
However, these local conditions could be assessed and considered at the time of 
image capture to reflect constant conditions between multi-temporal images. This 
consideration could be applied not only to recent rainfall conditions but also to daily 
flow rate.  
Recommendations for future spatial analysis on the Snowy River 
The accuracy and quality of the classification in future research could possibly be 
improved by investigating alternative remote sensing platforms to be used in 
conjunction with multispectral imagery. The capacity of LiDAR to provide accurate 
height information, such as vegetation, makes it a very useful format that can 
accompany multispectral imagery to enhance classification.Gilmore et al. (2008) 
found that LiDAR derived height characteristics were able to distinguish Phragmites 
from Typha where spectral features alone were insufficient to separate classes. The 
integration of LiDAR data creates the possibility of improving the mapping of the 
riparian vegetation, as the actual vegetation guilds can be separated on plant height.  
With pre-existing LiDAR data captured in 2010 this avenue is strongly 
recommended to be explored.  
The application of LiDAR with multispectral imagery may be more advantageous to 
the use of hyperspectral imagery, particularly considering the cost and the 
availability of LiDAR at this study location. When the discrimination between plant 
types is of importance, this often requires high spectral resolution such as 
hyperspectral imagery. However, Belluco et al. (2006) suggested that hyperspectral 





vegetation. While the classifications from hyperspectral imagery were slightly 
superior to multispectral imagery the similar performance suggests spatial resolution 
effects accuracy more importantly than spectral resolution (Belluco et al. 2006), 
particularly in narrow linear features such as riverine vegetation. Another remote 
sensing platform that could be considered for further studies is the use of world view 
2, a satellite-borne sensor that provides four new spectral bands useful in vegetation 
mapping such as yellow and red edge in addition to the four standard bands and very 
high spatial resolution (<5m) (Immitzer et al. 2012). 
The high spatial resolution of the imagery enables the potential use of the object-
oriented approach and should be strongly considered for further spatial analysis on 
the study sites along the Snowy River. The ability of this approach to create objects 
reflective of real world entities based on both spectral and spatial information may 
significantly improve classification, particularly in upstream sites with heavy 
presence of trees and shrubs (Hay et al. 2005; Jensen 1996; Laliberte et al. 2004; 
Stow et al. 2008). 
6.7 Conclusions 
This study aimed to quantify the changes in riparian vegetation of the  Snowy River 
in the Dalgety Uplands in response to the new environmental flow regime using 
aerial photography. The spatial analysis of the multi-temporal images revealed that 
the higher and slightly more variable flow regime had the following effect: 
1. An increase in open water and back water habitats from scour and increased 
base flow promoting an increase in aquatic vegetation. 
2. Expansion of emergent amphibious vegetation as a result of increased flood 
frequency on lower floodplains. 
3. Removal of flood intolerant vegetation from low lying areas as a result of 
increased flood frequency and duration.  
The changes in vegetation were able to be assessed in terms of functional groups in 
response to flow developing a vegetation model for the Snowy River riparian zone in 
the Dalgety Uplands.  
This model suggests that there is a shift in the composition of the riparian zone with 
hydric or water tolerant species increasing in higher elevations attributable to the 





7 APPENDIX  
7.1 Plant species collected 
Table 7.1: Species collected during field sampling and the corresponding water 
plant functional group.  
Taxa (plant 
genera/species) 
Water plant functional 
group  
Myriophylum simulans  Arp 
Phragmites australia Se 
Schoenoplectus validus Ate 
Schoenoplectus pungens  Ate 
Hydrocotyle sp. Atl 
Ranunculus amphriticus  Ate 
Eleocharis acuta Ate  
Carex appressa Ate 
Carex fascicularis Ate 
Carex gaudichaudiana  Ate 
Cyperus sp. Ate 
Persicaria decipiens.  Ate 
Juncus articulatus Ate 
Juncus effusius Ate 
Juncus alexadnri  Ate 
Juncus sp.  Ate 
Lotus uliginosus  - 
Rumex sp.  Tda 

































Petragia caryophyllum - 
Verbera sp. Tdr 
Phalaris aquatic - 
Festuca pratensis - 
Holium peruene - 
Poa sp.  Tdr 
Bromus molliformis - 
Bromus diandrus - 
Bromus sp.  Tdr 
Vuupia sp.  Tdr 
Eragrostis corrula - 
Modiola caroliniana Tdr 
Geranium retorsum - 
Polypogon monspeliensis - 





7.2 Error matrix 





















































7.3 Classified maps 































7.4 Change detection matrix 
Table 7.5: Change detection matrix for classified images between 2007 and 2013 
















Table 7.6: Change detection matrix for classified images between 2007 and 2010 

















Table 7.7: Change detection matrix for classified images between 2010 and 2013 
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